Abstract An optical regeneration scheme based on non-degenerate phase-sensitive amplification in highly-nonlinear fibers is proposed. The regenerator exhibits significant amplitude and phase noise suppression properties and eliminates the need for precise phase and frequency locking with the input signal.
Introduction
Advanced modulation formats such as Differential Phase Shift Keying (DPSK) emerge as an alternative to On-Off Keying (OOK) for long-haul transmission. The superiority of DPSK is based on two fundamental advantages; the first one originates from the balanced detection of DPSK signals. The second one is its enhanced tolerance to fiber nonlinearities and basically to interchannel cross-phase modulation (XPM). The potential for commercial deployment of DPSK based modulation formats has triggered worldwide the research activity on the optical manipulation of signals modulated in phase. From the regeneration viewpoint, there have been proposed various ideas based on Nonlinear Amplifying Loop Mirrors (NALM) 1 , amplitude limiters 2 and Phase Sensitive Amplifiers (PSA) 3 . Among the proposed schemes, phase sensitive amplification emerges as one of the most powerful processing tools acting directly at the phase of the optical field. Although PSA has the ability to perfectly squeeze the noise impairing the phase of DPSK signals, its practical implementation is very challenging and has to take care of the precise locking of the frequencies and phases of the interacting waves in advance. The regeneration experiments of [3] provided the proof of principle of amplitude and phase regeneration in interferometric and four-wave mixing (FWM) based PSAs, but are far from being practical solutions, as the pump and the signal originate from the same laser and the phase modulation is applied after the phase locking process. Only very recently, a phase sensitive amplifier utilizing injection locking and FWM in order to lock the phases of the interacting waves was successfully demonstrated as the first back box regenerator based on degenerate phase sensitive amplification 4 . The regenerator presented in [4] is suitable for NRZ-DPSK signals. In this letter, we propose a 40Gbps RZ-DPSK regenerator scheme (figure 1) based on non-degenerate phase sensitive amplification. The proposed scheme embodies two novel approaches in comparison with the up to date reported PSA techniques. On one hand, it is the first ever proposed regeneration scheme that exploits the non-degenerate FWM based phase sensitive amplification which has the potential to offer multi-wavelength amplification in contrast to its degenerate counterpart. On the other hand, it eliminates the need for precise frequency and phase locking with the input signal.
Principle of operation
The scheme consists of three different units. The first unit prepares an auxiliary signal and an idler through a typical single-pump FWM process in a highly nonlinear fiber (HNLF). The auxiliary signal of the FWM process is a typical clock of Gaussian pulses with repetition rate equal to the bit-rate of the degraded input. By using the first FWM module, the creation of two waves that acquire the amplitude pattern of a typical RZ-DPSK signal is achieved. These two waves are frequency and phase locked to the pump wave and will play the role of the signal and the idler of the phase sensitive regeneration module (unit 3). Before the phase sensitive interaction, the data of the input signal must be loaded on the phase of both auxiliary signal and idler with the same polarity so as to achieve perfect phase noise squeezing. The second unit undertakes this task. It must be noted that the non-degenerate PSA can operate as a phase regenerator as long as the signal and the idler of the process are carrying identical phases and not conjugate ones. Initially, the second unit of the regenerator carries out the conversion of the signal phase information to amplitude. The incoming RZ-DPSK signal (λs) passes through a delay interferometer (DI) which demodulates it to a return to zero -on-off keying (RZ-OOK) bit stream. The next step includes the conversion of the RZ-OOK to a non-return to zero (NRZ) bit sequence as the typical RZ-DPSK modulation format encloses NRZ phase modulation pattern. This step is accomplished with the use of a second XPM stage where the RZ-OOK bit stream is combined with a continuous wave (λ1) 5 . The RZ phase modulation of λ1 leads to red and blue shifts of the frequency of the CW. This wave is then filtered with a narrow bandwidth optical bandpass filter centred at its wavelength which converts the CW to NRZ pulses. The NRZ bit stream becomes an inversed replica of the RZ-OOK stream. Finally, the NRZ-OOK copy of the input signal, the auxiliary signal and the idler are coupled into a final XPM module (HNLF) in order to complete the transfer of the NRZ pulses to the phase of the RZ clocks. The power of the NRZ-OOK bit stream must be properly adjusted with respect to the nonlinear medium parameters in order to attain a phase shift equal to π between the two phase states of the auxiliary signal and its corresponding idler, which after this process are transformed to two identical RZ-DPSK waveforms.
The final step embodies the phase sensitive amplification of the two RZ-DPSK waves. The regenerative performance requires a specific phase relation among signal, idler and pump in order to achieve phase sensitive amplification of maximum gain and absolute phase noise suppression. In order to acquire the desired phase relation, one phase control element is placed at the pump branch. A piezoelectric transducer could play the role of a dynamic phase controller in a typical experiment 3 . Provided that the phase condition for gain maximization is satisfied, both RZ-DPSK waveforms will exhibit a significant reduction of the phase noise and wide-open final RZ-DPSK eye diagrams which improve when the PSA operates in the saturation regime will be attained. The device could have a two fold operation working either as an in line amplifierregenerator (the output is the auxiliary signal) or as a wavelength converter-regenerator (the output is the regenerated idler).
Results and discussion
The HNLF transmission is simulated by numerically solving the nonlinear Schrödinger equation (NLSE) with the use of the split-step Fourier (SSF). The model accounts for up to the fourth-order dispersion. Moreover, in order to encounter the phase noise of all the waves participating in the scheme, the rate equation model for the simulation of semiconductor lasers has been utilized. Typical semiconductor lasers with linewidth equal to 500kHz are considered. The auxiliary signal is a train of Gaussian pulses with pulsewidth equal to 6.25ps and repetition rate equal to 40GHz. The wavelengths of pump (λ2), CW (λ1) and signal (λs) are chosen to be equal to 1556 nm, 1525 nm and 1536 nm respectively. The auxiliary signal has the same wavelength as the input signal in order to preserve the wavelength at the output. For the RZ to NRZ optical conversion, a 1 km long HNLF with nonlinear parameter γ=12W and PSA of the scheme rely on a 500m long HNLF with λ 0 =1555nm. The pump power in each stage is equal to 27dBm providing small signal gain equal to 18dB and 24dB for the PIA and the PSA respectively. The fiber considered for the NRZ-OOK to RZ-DPSK conversion is 350m long with λ 0 =1555nm. The EDFAs are modelled as constant gain amplifiers that induce additive Gaussian noise with noise figure equal to 5dB. Each EDFA is accompanied by an optical bandpass Gaussian filter with 160GHz 3dB bandwidth. The output of the DI is amplified to 26.9 dBm and coupled with a 25.72 dBm CW for the RZ to NRZ conversion. At the output of the format conversion unit the CW is filtered by a bandpass optical filter with 40GHz 3dB bandwidth. The distortion of the amplitude and phase features of the initial RZ-DPSK input was carried out by simulating the fiber transmission of the signal through a 800km long transmission link. The link consists of typical single-mode fibers and dispersion compensating fibers and optical amplifiers with noise figure equal to 5dB which are placed periodically every 80km. The mean power of the RZ-DPSK signal through the transmission was 0dBm. Fig. 2(a) shows the original output of the DI (RZ-DPSK to RZ-OOK conversion) which shows the heavily noise impaired signal and fig. 2(b) shows the result of the RZ to NRZ conversion. The subsequent eye diagram in fig. 2(c) corresponds to the phase content of the auxiliary signal after the XPM interaction between the signal, the idler and the NRZ replica of the input RZ-DPSK. The power of the NRZ (mean power equal to 22.7dBm) and the fiber length and nonlinearity (350m, 12W ) are properly selected so as to convert the NRZ amplitude modulation into a NRZ phase modulation with modulation depth equal to π, through the XPM process. The eye-diagram of fig. 2(d) is the phase content of the auxiliary signal after the PSA process. The noise suppression is evident. Eye diagrams in figure 3 show the regenerative performance of the saturated PSA. It must be noted that at the input of the PSA (unit 3), the auxiliary signal and its corresponding idler are phase modulated signals with minor intensity noise as the RZ clocks are prepared locally at unit 1, and noise degradation appearing only at their phase content. The fact that the inputs of the PSA are subjected only to phase noise is another advantage of this approach. The research activity worldwide has shown that the PSA is capable of handling more efficiently the phase noise instead of the amplitude noise of a data stream 3 . The eye diagrams of fig. 3 support this hypothesis. Hence, in order to fully exploit the regenerative properties of a PSA, it is desirable to transfer the amplitude noise of the input signal to its phase. The proposed scheme achieves so through the successive format conversions.
Conclusions
A 40Gbps RZ-DPSK regenerator based on nondegenerate phase sensitive amplifier has been proposed and numerically studied. The proposed scheme exploits the phase and frequency locking properties of FWM, the modulation format conversion potential of XPM and the phase regeneration properties of PSAs. All the processes described in this paper were based on highly non linear fibers. A more practical scenario should incorporate short length semiconductor devices so as to prevent the loss of phase locking between signal, idler and the pump. The RZ to NRZ conversion could be easily implemented in a SOA 6 and the subsequent section of NRZ-OOK to RZ-DPSK conversion can be implemented in SOA-MZI 7 . The PIA and PSA sections could also be miniaturized replacing HNLFs with short length microstructured fibers. In that sense, the proposed regenerator could be considered a practical regeneration solution with relatively small footprint and high operation stability.
